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Description 

MOS TRANSISTOR HAVING REDUCED 
SOURCE/DRAIN EXTENSION SHEET 

RESISTANCE 

Background of Invention 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a metal-ox- 
ide-semiconductor (MOS) transistor structure and, more 
particularly, to a MOS transistor structure having reduced 
sheet resistance in ultra-shallow source/drain extension 
regions and method of fabrication. 

[0003] 2. Description of the Prior Art 

[0004] Continued device scaling demands that source/drain (S/D) 
junctions of MOS transistor devices become thinner and 
thinner to avoid short channel effect. However, the prior 
art MOS structure has a drawback in that the shallower the 
S/D extension is, the greater the sheet resistance occurs 
in operation. As known to those skilled in the art, large 



sheet resistance leads to insufficient saturation currents. 
The situation becomes worse when the IVIOS device is a 
PMOS device. 

[0005] Fig.l is a schematic cross-sectional diagram showing a 

prior art PMOS transistor 10 having ultra-shallow junction 
S/D extensions 32. The prior art PMOS transistor 10 in- 
cludes a poly gate 12 formed on an N well 16 of a silicon 
substrate. A gate oxide layer 14 is formed between the 
gate 12 and the silicon substrate. Spacers 18 are disposed 
on opposite sidewalls of the gate 12. A P~ ultra-shallow 
junction S/D extension 32 is formed underneath the 
spacer 18 within the N well 16. Next to the outer edge of 
the spacer 18, a raised silicide layer 42 is provided on P^ 
source/drain region 34. A silicide layer 44 is formed on 
the top of the poly gate 12. Typically, the spacer 18 con- 
sists of an offset oxide spacer 21 stuck to the sidewall of 
the poly gate 12, an oxide liner 22, and a nitride spacer 
22. As specifically indicated in this figure, the oxide liner 
22 covers the offset oxide spacer 21 and its lower portion 
extends laterally to directly cover and borders the P~ ul- 
tra-shallow junction S/D extension 32. 

[0006] The P" ultra-shallow junction S/D extension 32 is formed 
after the formation of the pair of offset spacers 21 



through low-energy ion implantation. Using the gate 12 
and the offset spacers 21 as an implant mask, dopants 
such as boron are doped into the N well 16 of the silicon 
substrate to a depth such as for example 20 to 30 
nanometers below the surface of the silicon substrate. A 
RTP or laser annealing process is then carried out to acti- 
vate the dopants trapped in the silicon crystal at 900 to 
1000 



in few seconds. 

[0007] However, the above-mentioned prior art PMOS transistor 

10 encounters a bottleneck that the sheet resistance in 

the P~ ultra-shallow junction S/D extension 32 cannot not 

be further reduced due to the fact that the active boron 

concentration in silicon substrate is limited by borons 

solid solubility thereof. 
Summary of Invention 

[0008] Accordingly, the primary object of the present invention is 
to provide a novel MOS transistor structure capable of re- 
ducing sheet resistance in the source/drain extensions. 




[0009] It is another object of the present invention to provide an 
advanced MOS transistor structure having ultra-shallow 
junction source/drain extensions with active boron con- 
centration that is greater than the maximum boron solid 
solubility in silicon within a certain junction depth. 

[0010] To these ends, in one aspect of this invention, a MOS 

transistor includes a gate electrode formed on a semicon- 
ductor substrate, and a gate insulating layer formed be- 
tween the gate electrode and the semiconductor sub- 
strate. A spacer is disposed on each sidewall of the gate 
electrode. A lightly doped source/drain (S/D) extension is 
formed in the semiconductor substrate under the spacer. 
The lightly doped S/D extension comprises a raised epi- 
taxial layer bordering bottom of the spacer. A heavily 
doped S/D region is formed in the semiconductor sub- 
strate next to an outer edge of the spacer. A silicide layer 
is formed on the heavily doped S/D region. The epitaxial 
layer has a lattice constant that is greater than the lattice 
constant of single silicon crystal. 

[0011] Other objects, advantages, and novel features of the 

claimed invention will become more clearly and readily 
apparent from the following detailed description when 
taken in conjunction with the accompanying drawings. 



Brief Description of Drawings 

[0012] The accompanying drawings are included to provide a 

further understanding of the invention, and are incorpo- 
rated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, to- 
gether with the description, serve to explain the principles 
of the invention. In the drawings: 

[0013] Fig.l is a schematic cross-sectional diagram showing a 

prior art MOS transistor having ultra-shallow junction S/D 
extensions; 

[0014] pjg,2 is a chart illustrating solid solubility in single crystal 
silicon substrate of various elements including arsenic, 
phosphor, boron, and aluminum, at different annealing 
temperatures; 

[0015] Fig. 3 is a boron concentration vs. depth plot based on 

secondary ion mass spectroscopy (SIMS) analysis on the P~ 
ultra-shallow junction S/D extension 32 (annealing tem- 
perature: 1000 




); 



[0016] Fig. 4 is a scliematic cross-sectional diagram illustrating a 
MOS transistor having ultra-shallow junction S/D exten- 
sions according to one preferred embodiment of this in- 
vention; and 

[0017] Fig. 5 to Fig. 12 are schematic cross-sectional diagrams 
showing the fabrication of the MOS transistor with ultra- 
shallow junction S/D extensions according to the present 

invention. 
Detailed Description 

[0018] Please refer to Fig. 2, Fig. 3, and briefly back to Fig.l. Fig. 2 
is a chart illustrating solid solubility in single crystal sili- 
con substrate of various elements including arsenic, 
phosphor, boron, and aluminum, at different annealing 
temperatures. Fig. 3 is a boron concentration vs. depth 
plot based on secondary ion mass spectroscopy (SIMS) 
analysis on the P~ ultra-shallow junction S/D extension 32 
(annealing temperature: 1000 




). As shown in Fig. 2, at an annealing temperature of 1000 




, the maximum solid solubility of boron is about 2E20 

3 

atoms/cm . In Fig. 3, the maximum solid solubility of 
boron is indicated with dash line 50. As shown in Fig. 3, 
above the dash line 50, which corresponds to a junction 
depth of about 5 to 6 nanometers (50~60 angstroms) be- 
low the surface of the silicon substrate, though boron 
concentration exceeds the maximum solid solubility of 
boron, however, the excess boron dopants are not active 
because they are in cluster form (cluster boron effect). 
From above, it is realized that the inactive cluster boron 
dopants in the ultra shallow Junction S/D extension 32 are 
redundant and does not help to reduce the sheet resis- 
tance thereof. 

[0019] It is therefore one object of the present invention to pro- 
vide an advanced MOS transistor structure having ultra- 
shallow junction source/drain extensions with active 
boron concentration that is greater than the maximum 
boron solid solubility in silicon within a certain junction 
depth. 



[0020] jhe preferred embodiment in accordance with the present 
invention will be discussed in detail with reference to Fig. 4 
to Fig. 12. It is understood that the type of semiconductor 
regions, device layout, and polarity of voltages are chosen 
solely for illustration, and persons having ordinary skill in 
the art would recognize other alternatives, variations, and 
modifications. 

[0021] Please refer to Fig. 4. Fig. 4 is a schematic cross-sectional 
diagram illustrating a PMOS transistor 10 having ultra- 
shallow junction S/D extensions 32 according to one pre- 
ferred embodiment of this invention, in which like refer- 
ence numerals designate similar or corresponding ele- 
ments, regions, and portions. As shown in Fig. 4, The 
PMOS transistor 10 includes a poly gate 12 formed on an 
N well 16 of a silicon substrate 1. A gate oxide layer 14 is 
formed between the gate 12 and the silicon substrate 1. 
Spacers 18 are disposed on opposite sidewalls of the poly 
gate 12. A P~ ultra-shallow junction S/D extension 32 is 
formed underneath each of the spacers 18 within the N 
well 16. An epitaxial layer 60 other than single crystal 
epi-silicon is interposed between the spacer 18 and the P~ 
ultra-shallow junction S/D extension 32. The epitaxial 
layer 60, which is also part of the P~ ultra-shallow junc- 



tion S/D extension 32, has a lattice constant tliat is 
greater than the lattice constant of single crystal silicon. 
Preferably, the epitaxial layer 60 is composed of silicon 
germanium (SiCe), but not limited thereto. Other epi ma- 
terials such as SiGeC are also suitable. The epitaxial layer 
60 has a thickness of preferably 50 to 100 angstroms, 
and a germanium molar ratio of 10% to 30%, preferably 
25%. In effect, the epitaxial layer 60 serves as a solubility 
enhancement layer that is capable of increasing active 
boron concentration and thereby eliminating above-said 
cluster boron effect and therefore reducing sheet resis- 
tance in the P~ ultra-shallow junction S/D extension 32. 
Since the boron solid solubility in SiGe epitaxial layer 60 is 
greater than the boron solid solubility in silicon (2E20 
atoms/cm^ @1000 



anneal temperature), the sheet resistance of the P~ ultra- 
shallow junction S/D extension 32 can be further reduced. 
[0022] Still referring to Fig.4, the PMOS transistor 10 further 

comprises a raised cobalt silicide layer 42 formed on P"^ 




S/D region 34 next to the outer edge of the spacer 18. 
The cobalt silicide layer 42 may be formed by using a 
known selective epitaxial growth (SEC), followed by a self- 
aligned silicide (salicide) process. A silicide layer 44 is 
formed on the top of the poly gate 12. The spacer 18 
consists of an offset oxide spacer 21 stuck to the sidewall 
of the poly gate 12, an oxide liner 22, and a nitride spacer 
22. The oxide liner 22 covers the offset oxide spacer 21 
and its lower portion extends laterally to overlie the SiGe 
epitaxial layer 60. In accordance with the preferred em- 
bodiment of the present invention, the SiGe epitaxial layer 
60 is only formed on the P" ultra-shallow junction S/D ex- 
tension region 32. To prevent germanium of the epitaxial 
layer 60 from affecting the cobalt salcide process carried 
out on the S/D diffusion regions 34, the epitaxial layer 60 
formed on the S/D diffusion regions 34 is completely re- 
moved. 

[0023] Please refer to Fig. 5 to Fig. 12. Fig. 5 to Fig. 12 are 

schematic cross-sectional diagrams showing the fabrica- 
tion of the PMOS transistor 10 with ultra-shallow junction 
S/D extensions 32 according to the present invention. It is 
appreciated that the fabrication process of the present in- 
vention should not be limited to PMOS transistors, but 



rather may be applied to other devices such as NI\/IOS or 
CIVIOS fabrication processes. First, as shown in Fig. 5, a 
semiconductor substrate 1 preferably a single crystal sili- 
con substrate is provided. The semiconductor substrate 1 
comprises an N well 16 surrounded by shallow trench iso- 
lation region (not shown). A gate oxide layer 14 and a 
polysilicon layer are sequentially formed on the semicon- 
ductor substrate 1. A conventional lithographic process 
and a dry etching process are then carried to define the 
poly gate structure 12 with a line width to a sub-micron 
scale. After the definition of the gate electrode 12, an off- 
set spacer layer 21a with a thickness of about 100 to 150 
angstroms is deposited on the gate electrode 12 and the 
surface of the semiconductor substrate 1. In this embodi- 
ment, the offset spacer layer 21a is a CVD oxide layer, but 
not limited thereto. 
[0024] As shown in Fig. 6, the offset spacer layer 21a is etched 
back to form offset spacers 21 on opposite sidewalls of 
the gate electrode 12. It is noted that the etching also 
etches a thickness I of the semiconductor substrate 1 at 
both side of the gate electrode 12 to form recesses having 
a depth of approximately 50 to 100 angstroms (I = 50 to 
100 angstroms). It is also noted that a top portion of the 



poly gate 12 is etched away. 
[0025] As shown in Fig. 7, an epitaxial process is then carried out 
to grow an epitaxial layer 60 in the recesses at both sides 
of the gate electrode 12 on the semiconductor substrate 
1. Preferably, the epitaxial layer 60 has a thickness L of 50 
to 100 angstroms, more preferably, 75 angstroms. In ac- 
cordance with the preferred embodiment of the present 
invention, L >/. The epitaxial layer 60 is composed of sili- 
con germanium (SiGe), but not limited thereto. Other epi 
materials such as SiGeC are also suitable. The epitaxial 
layer 60 has a germanium molar ratio of 10% to 30%, 
preferably 25%. As noted, the epitaxial layer 60 serves as 
a solubility enhancement layer that is capable of increas- 
ing active boron concentration and thereby eliminating 
above-said cluster boron effect and therefore reducing 
sheet resistance in the P~ ultra-shallow junction S/D ex- 
tension 32. Since the boron solid solubility in SiGe epitax- 
ial layer 60 is greater than the boron solid solubility in sil- 
icon (2E20 atoms/cm^ @1000 




anneal temperature), the sheet resistance of the P~ ultra- 
shallow junction S/D extension 32 can be further reduced. 
Subsequently, a low-energy and low-dose ion implanta- 
tion process 80 is carried out to implant boron dopants 
into the epitaxial layer 60 and the N well 16 using the poly 
gate 12 and the offset spacers 21 as an implant mask so 
as to form lightly doped areas 32a in the epitaxial layer 60 
and the N well 16, as indicated. 
[0026] As shown in Fig. 8, in accordance with the preferred em- 
bodiment, a RTP anneal process is performed at 1000 



to activate dopants in the lightly doped areas 32a to form 
P~ ultra-shallow junction S/D extensions 32. It is appreci- 
ated that other annealing techniques such as spike RTA, 
ARC annealing, o laser annealing may be used. In another 
case, the RTP anneal may be carried out after the implant 
of S/D regions. According to this invention, the P~ ultra- 
shallow junction S/D extension 32 has a junction depth of 
about 150 to 400 angstroms. The concentration of active 
boron dopants in the top 50 to 75 angstrom (i.e., in the 




epitaxial layer 60) of the P~ ultra-shallow junction S/D ex- 
tension 32 is much greater than the maximum solid solu- 
bility of boron in silicon by several orders in magnitude. 
That is, in this case, the active boron concentration ex- 

3 

ceeds 2E20 atoms/cm and the above-said cluster boron 
effect is eliminated. Thereafter, a liner 22a and a silicon 
nitride layer 23a are deposited on the semiconductor sub- 
strate 1. 

[0027] As shown in Fig. 9, the silicon nitride layer 23a and the 
liner 22a are anisotropically etched back to form spacers 
18. The spacer 18 consists of the offset oxide spacer 21, 
the oxide liner 22, and the nitride spacer 22. The oxide 
liner 22 covers the offset oxide spacer 21 and its lower 
portion extends laterally to overlie the SiCe epitaxial layer 
60. 

[0028] As shown in Fig. 10, using the poly gate 12 and the spac- 
ers 18 as an implant mask, a high-energy and high dose 
ion implantation 90 is then carried out to implant high- 
dose boron into the N well 16 of the semiconductor sub- 
strate 1 so as to form S/D doping regions 34 having a 
junction depth of approximately 1000 angstroms. 

[0029] As shown in Fig. 11, in accordance with the preferred em- 
bodiment of this invention, the SiGe epitaxial layer 60 on 



the P S/D doping regions 34 are tlien completely re- 
moved. The method of removing the SiGe epitaxial layer 
60 involves the use of APM (ammonium hydrogen perox- 
ide mixture) solution at 70 




. In this case, the composition of the APM solution com- 
prises NH OH:H 0 :DI water=l:4:20. 

^ 4 2 2 

[0030] As shown in Fig. 12, a selective epitaxial growth (SEC) is 
performed to selectively grow a silicon epitaxial layer (not 
explicitly shown) on the P"^ S/D doping regions 34 and on 
the poly gate 12. Finally, a salicide process is performed 
to form salicide layers 42 and 44. It to be appreciated that 
the salicide layers 42 and 44 may be made of cobalt sili- 
cide, Ti silicide, Ni silicide, or the like. 

[0031] Those skilled in the art will readily observe that numerous 
modifications and alterations of the present invention may 
be made while retaining the teachings of the invention. 
Accordingly, the above disclosure should be construed as 
limited only by the metes and bounds of the appended 
claims. 



